A simulation framework based on a physical-layer based abstraction to predict physical layer performances and to compare different forward error correcting (FEC) codes is presented. This framework is used to jointly design interleaving and FEC schemes for free space optical link. A sub-class of regular Low-Density Parity-Check codes is shown to be an interesting alternative to current space communication standard for optical links that require low error floor and high decoder throughput. End-to-end simulations show the feasibility of error free link from a LEO satellite to a high complexity ground station at 25Gbits/s and from a LEO satellite to low complexity optical ground station at 10 Gbits/s. The proposed protection scheme is composed of FG LDPC code and a bit interleaver to span the burst of errors.
INTRODUCTION
Digital optical downlink at 1.55µm is foreseen to be a valuable alternative to the conventional radio-frequencies for the link between a LEO satellite and a fixed Earth ground station for missions such as Internet delivery and Earth observation data download. These two missions differ in terms of constraints and specifications leading to consider them separately. The current contribution considers two mission scenarii, on one hand a 10Gbps on-off-keying LEO downlink to a low complexity optical ground station, on the other hand a 25Gbps on-off-keying LEO downlink to a high complexity optical ground station. The low complexity refers to the O3K proposition at CCSDS with a receiver based on an avalanche photodiode (APD). The high complexity refers to the HDR proposition at CCSDS with a receiver based on an erbium doped fiber amplifier (EDFA) with a complex adaptive optic system to inject into its single mode fiber [1] . Since several years, the free space optical downlink community has investigated many different protection schemes: physical layer error correcting code combined with an interleaver [2] [3] , packet level erasure code [4] [5] , combination of all of them [6] . In the meantime, various FEC code families have been investigated: graph based codes (serial turbo code, or polar code [7] , or sparse code such as Low Density Generator Matrix [3] , Raptor [6] , LT, Low-Density ParityCheck [9] ), algebraic (MDS like Reed Salomon, BCH), and trellis based convolutional codes. Nevertheless, the comparison of theses FEC codes with respect to frame error rate (FER) performances and hardware implementation complexity, particularly the decoder throughput and the power consumption, has not been deeply investigated to the author's knowledge. It results that system engineer might lack of data to select the "best" protection scheme and FEC code according to the specifications of the free space optical link they want to design. The main idea is to propose a forward error correction scheme based on the combination of a physical layer error correcting code with a bit-interleaver to tradeoff FER performance, complexity and latency. The error correcting code shall have low error floor and enable high decoder throughput. In particular, we investigate on error correcting codes that have not been widely considered so far in the literature of space to ground optical downlink, ie. regular Finite Geometry Low-Density Parity-Check (FG LDPC) and Turbo Product Codes (TPC) [10] based on BCH. For comparison, we also consider other codes from the LDPC family such as Irregular Repeat Accumulate (IRA) codes, Accumulate Repeat Jagged Accumulate (ARJA) codes. The DVB-S2 LDPC codes are the reference scheme being a member of the latter [11] .
The performances of the codes have been simulated on AFF3CT [15] , an open-source software dedicated to FEC simulations. The optical transmission chains have been previously simulated on OptSim and by taking realistic subsystem parameters. The optical channel attenuations times series used for the sizing of the interleaver have been computed taking into account atmospheric propagation and realistic adaptive optic systems [12] . The paper is organized as follows: In section §2, we present the link budget of the two mission scenarii and the hypothesis made on the optical channel of propagation. In section §3, we present the two optical transmission chains and the resulting noise model. In section §4, we present the Frame Error Rate (FER) performances. Finally in section §5, the full chain is simulated and we provide examples of protection scheme addressing the 25Gbps on-off-keying LEO downlink to a high complexity optical ground station and also the 10Gbps on-off-keying LEO downlink to a low complexity optical ground station.
SCENARII FOR OPTICAL LEO DOWNLINK
The two scenarii are a 10Gbit/s On-Off-Keying (OOK) downlink from a LEO satellite at 500km to a low complexity Optical Ground Station (OGS) and a 25Gbit/s OOK downlink from a LEO satellite at 1200km to a high complexity OGS. These two scenarios differ on their transmitter on board the satellite, on their receivers on ground and on the impact of the atmospheric turbulence on the received optical power. The difference of optical transmitter and receiver leads to a difference of noise distribution and link budget. The difference of the impact of atmospheric turbulence leads to a difference of power fluctuation range and spectral content. For these reasons, the scenarii are considered separately.
Optical channel of propagation
The atmospheric turbulence is modelled by the Hufnagel-Valley profile [16] with an atmospheric turbulence level on ground of 10 -13 m -2/3 and a pseudo wind parameter of 21m/s. The wind is modelled by the Bufton model with an upper layer at 12 448m. The wind speed on ground is set to 10m/s and the upper layer wind speed is 25m/s. Such turbulence representation leads to Fried parameters at 1552nm on the Line of Sight (LoS) given in Table 1 . 
Scenarii description
For the 10Gbps OOK LEO downlink to a low complexity OGS, we consider a satellite at an altitude of 500km. The total transmitter power is 128.7dBm taking into account transmitter losses, antenna gain and optical amplifier power. The elevation angle of the line sight is 15°. On ground, the telescope diameter is 60cm and an adaptive optic system corrects the collected tip/tilt at a frequency of 1 kHz. For the 25Gbps OOK LEO downlink to a high complexity OGS we consider a satellite at an altitude of 1200km. The total transmitter power is 130.9dBm taking into account transmitter losses, antenna gain and optical amplifier power. The elevation angle of the line sight is 20°. On ground, the telescope diameter is 60cm and an adaptive optic system corrects up to 12 radial orders at a frequency of 3 kHz [12] . 
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The power available at the optical receiver without atmospheric turbulence losses and transmitter pointing error is computed in Table 3 . The losses due to atmospheric turbulence and to transmitter pointing error are computed separately for the end-to-end simulation. 
OPTICAL TRANSMISSION CHAIN CHARACTERISATION FOR FEC
The optical transmission chains are simulated with Optsim software taking into account datasheet parameters. Figure 1 depicts the 25Gbits/s OOK high complexity transmission chain. At the transmitter, the laser is externally modulated with a Mach Zehnder Modulator (MZM). Then, an optical booster amplifier amplifies the signal and adds amplified autonomous noise. The channel block applies a static attenuation leading to a given Received Optical Power (ROP) at the input of the receiver based on a Low Noise Optical Amplifier (LNOA). At the PIN photodetection followed by a transimpedance amplifier(TIA), the signal is filtered by an electrical low pass filter (ELPF). The block BER computes the Bit Error Rate. Figure 2 depicts the 10Gbit/s OOK low complexity transmission chain. At the transmitter side, the laser is directly modulated. Then, an optical booster amplifier amplifies the signal and adds amplified autonomous noise. The channel block applies a static attenuation leading to a given Received Optical Power (ROP) at the input of the receiver based on a multimode avalanche photodiode (APD). Background noise (BGNoise) is also considered in the transmission chain.
Transmission chains
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Noise model
Due to the inaccuracy of well-known noise contribution variances [13] to represent noisy signal distribution at the input of the decoder, we prefer to issue our noise model from Optsim simulation at bit level. For example, Figure 5 depicts the difference between Optsim and a MATLAB model implementing the formulas of [13] for the 25Gbit OOK high complexity transmission chain. [14] that measures the statistical correlation between two random variables, here the send code symbols and the received ones. In the present contribution the mutual information has been noted MIECC or MI and is computed according to formula (1) where and are respectively the signal sent by the transmitter and the signal at the entry of the decoder, and ( ) and ( ) are the probability density functions.
= = ∫ ∫ ( , ). log ( ( , ) ( ). ( ) )
The mutual information is an interesting metric for FEC performances comparison as it enables to compare the FER performances of different systems operating on different channel conditions or channel models. It will be used to characterize the MI requirements for a FEC scheme to achieve a targeted FER after interleaving. The MI is also the maximum code rate achievable.
(y[n]| ROP) (y[n]| )
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FRAME ERROR RATE PERFORMANCES OF ERROR CORRECTING CODES
New space optical links require high useful data rate, error free links and decoder friendly FEC codes. For this reason, we focused on FEC codes that enable to design decoder that can achieve high throughput such as Quasi-Cyclic LDPC codes [17] and Turbo Product Code.
Considered FEC Codes
Quasi-Cyclic LDPC are a sub-class of structured codes that should achieve performances close to unstructured LDPC codes while being much more convenient for parallel encoder and decoder architecture design. For the QC LDPC code family, we investigate:
-The Irregular Repeat Accumulate (IRA) codes constructed by Progressive-Edge-Growth (PEG) algorithm associated to an Approximated Cycle Extrinsic (ACE) constraint [18] . -The Accumulate Repeat Jagged Accumulate (ARJA) codes [18] . -The Finite Geometry (FG) codes [18] . For the DVB-S2 codes, we referred to the ETSI standard [11] .For the Turbo Product Code, BCH component codes are investigated. In each case, the interleaving size and codes parameters, such length or size of circulants, are carefully selected both (a) to achieve a required FER after deinterleaving and (b) to enable full exploitation of byte-aligned hardware architecture.
Code rates of 1/2, 2/3, 4/5, 9/10 are considered but code rate superior or equal to 4/5 are more interesting to achieve high useful data rate. The code word length is around 16380 bits knowing that greater FEC frames would improve performances and enable higher decoder capacity for a given hardware.
Decoding algorithm and its parameters
The LDPC codes (IRA, ARJA, FG) and the DVB-S2 codes are decoded thanks to the Normalized Min-Sum (NMS) algorithm [19] with a normalization factor of 0.75 and a number of decoding iteration limited to 10 iterations. This is a major difference with existing solutions: we should rather consider FEC schemes that enable rapid convergence rather than achieving the best threshold to enable high throughput decoders. The TPC are decoded thanks to the Chase-Pyndiah decoder [10] 
It results that:
-For the QC LDPC family (IRA, ARJA, FG): The Finite Geometry sub-class provides better performances for low code rate and similar performances for high code rate. FG LDPC is more efficient than the IRA and ARJA in the study context. -TPC based on BCH code component could be an interesting alternative for very high code rate, typically around 9/10. -A strict comparison of performances between DVB-S2 (LDPC + BCH) codes and FG LDPC codes can be done for a code rate of 2/3. In this case, better performances are obtained with the FG LDPC code.
INTERLEAVER SIZING
In the previous section, we have shown that FG LDPC codes is an interesting FEC code for LEO downlink that requires high code rate, low error floor and high decoder throughput. In this section we present the simulation chain used to design the interleaver that is mandatory to span the burst of errors due to the slow fading optical channel.
Optical channel
We compute the Received Optical Power (ROP) time series by mixing the atmospheric turbulence attenuation time series computed by ONERA, the power losses time series due to transmitter pointing error computed by Airbus Defence and Space, and the link budget value presented in Table 3 . Figure 8 depicts the characteristics of the power losses due to the on-board optical terminal pointing error and the power losses due to atmospheric turbulence considering adaptive optic system on ground. In our references scenarios, the losses due to the impacts of the atmospheric turbulence are predominant.
Note that these losses are slow compared to the optical data rate. As a result an interleaver is mandatory to span the burst of errors and to achieve quasi error free link thanks to the physical layer error correcting code.
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Interleaver sizing
1. To play the ROP time series available at the input of the optical receiver; 2. To convert the ROP and the emitted bit into a noisy signal corresponding to the signal available at the output of the optical receiver (see Figure 3 ).
Then the Log-likelihood ratios (LLRs) are computed under the assumption of equal probability of bit '0', and '1'before the de-interleaving process and the decoding process. 
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CONCLUSION
In this paper, quasi cyclic LDPC codes (IRA, ARJA, FG) and Turbo Product Codes with BCH component codes have been compared to DVB-S2 (LDPC + BCH) codes. It results that FG LDPC codes achieves good performances and are an interesting alternative to current space communication standard for optical links that require low error floor and high decoder throughput. Indeed, FG LDPC codes enables decoder throughput that has not been yet obtained to the best of our knowledge for DVB-S2 codes. Very promising results are presented in [20] in which it is shown that a 10.6 Gbps decoder can be implemented into a Zynq xczu9e FPGA. End-to-end simulations have shown the feasibility of quasi-error free communication link for both scenario with FEC code rate of 4/5 and interleaver duration around 10 ms. In future works, the two communication chains could be tested on a real time test bed. Also, it would be interesting to compare on an identical simulation framework the performances and the hardware implementation complexity of the proposed protection schemes (FG LDPC + interleaver) with the others proposed in the literature.
